Semiconductor gas sensors based on metal oxides have been widely accepted as an important tool for the detection of different gases in air. An understanding of all the mechanisms related to such detection is essential in order to improve the sensitivity and selectivity of these gas detectors. This paper considers the mechanism of detection by semiconductor oxide gas sensors in terms of catalytic reactions described by Rideal-Eley and Langmuir-Hinshelwood mechanisms. Some relationships were discussed between the catalytic and detection properties of SnO 2 and Pt/SnO 2 systems used on the one hand as catalysts of low-temperature CO oxidation and on the other hand as sensors of CO in air.
INTRODUCTION
The principles of gas sensing by semiconductors is based on gas adsorption on to the semiconductor surface, a process that causes a change in conductance. Several reviews and monographs describing recent developments and the current status of semiconducting gas sensors have appeared (Janata et al. 1994; Yamauchi 1991; Göpel 1994) . The most popular are resistance sensors based on SnO 2 , currently produced on a large scale and including, amongst others, Taguchi gas sensors (TGS) from Figaro (Japan) (Matsuura 1993). Gas sensors based on different oxides (SnO 2 , TiO 2 , ZnO) have been widely accepted as an important tool for detecting or monitoring gases such as H 2 , CO and CH 4 (Devi et al. 1995; Angelis and Riva 1995; Brousse and Schleich 1996; Ghiotti et al. 1992; Lantto and Romppainen 1988) .
Two basic theoretical approaches have been presented in the literature for describing the mechanisms involved in the interaction between metal oxides and the gaseous phase, viz. the boundary-layer theory of chemisorption (Weisz 1953) and the theory of Wolkenstein (1957) . Both theories were developed over 40 years ago. Recently, Geistlinger (1993) described an application of Wolkenstein's theory to metal oxide semiconductors used as gas sensors. Several models for the sensing mechanism have been proposed in the past (Ippommatsu et al. 1990; Windischmann and Mark 1979; Barsan et al. 1989 ). Morrison (1987) proposed an empirical relationship between the sensitivity and the concentration of detected gas. Gardner (1990) described a non-linear diffusion reaction model for the change in conductivity of metal oxides, while Srivastava et al. (1994) described the relationship between the degree of surface coverage and the conductance.
The main objective of the present study was to consider the relationships between the catalytic reaction mechanisms of Langmuir-Hinshelwood or Rideal-Eley and detection by semiconductor gas sensors. These have been undertaken by comparing the catalytic activity of Pt/SnO 2 catalysts in CO oxidation and the detection properties of gas sensors prepared on the basis of such materials as catalysts.
The Pt/SnO 2 system shows a very high catalytic activity in CO oxidation even near room temperature (Margler et al. 1996) . Such catalysts can be very useful for the removal of trace CO contents. Pt/SnO 2 systems are also widely accepted as semiconductor gas sensors, since they show a very high sensitivity to gases, particularly CO.
EXPERIMENTAL
SnO 2 powder was prepared by neutralising an aqueous solution of SnCl 4 with aqueous ammonia, followed by washing with deionised water to remove chloride ions, drying at 373 K for 2 h and grinding. The material obtained was then calcined in air at 773 K for 5 h. The specific surface area of a sample measured on a Carlo Erba Sorptiomatic 1900 instrument was 9.5 m 2 /g. The catalysts were prepared by wet impregnation with a solution of H 2 PtCl 6 in demineralised water of an appropriate concentration to obtain a platinum content within the range 0.5-3.0 wt% Pt. After drying, the catalysts were calcined in air at 873 K for 4 h.
The sensor elements prepared on the basis of the catalysts were of the sintered type. Thus, the catalysts were milled and pressed between two Pt electrodes to obtain tablets of 5 mm diameter and 0.2 mm thickness. Each element was sintered in air at 873 K for 10 h. Details of the sensor preparation have been given by us previously (Kocemba et al. 2001) . The dc resistances of the sensors both in dry air and in an air + CO mixture containing 115 ppm CO were measured. The gas sensitivity was defined as:
where R air and R CO are the resistances in air and in air containing a given concentration of CO, respectively. The sensitivity of the sensors was measured as a function of temperature in a flow apparatus.
Measurements of the catalytic activity were also undertaken in a flow apparatus (PEAK-2, designed and constructed in our Institute) using the TPSR (Temperature-Programmed Surface Reaction) method. The mass of sample employed was 0.2 g, the gas mixture contained 94 vol% He, 4 vol% CO and 2 vol% O 2 , and a constant flow rate of 40 cm 3 /min and a linear temperature ramp of 15 K/min were employed. The gas flow, CO concentration and temperature were automatically controlled and monitored. The reciprocal of the temperature corresponding to 95% conversion of CO to CO 2 was taken as a measure of the catalytic activity.
RESULTS AND DISCUSSION
When oxygen is chemisorbed on the surface of a semiconductor gas sensor such as SnO 2 , electronic carriers are immobilised and the conductivity of the sensor decreases. Any reducing gas is capable of removing such chemisorbed oxygen and thereby restoring the conductivity. The surface of the sensor acts as a catalyst and the process can be considered as a heterogeneous reaction. Hence, the most important factors determining the rates of heterogeneous catalytic reactions also influence the detection efficiency. The stages of heterogeneous reaction and detection are virtually the same and can be described as follows (Gentry and Jones 1986): 4. Desorption of reaction products. 5. Diffusion of products from the sensor (catalyst) surface. 6. Removal of the reaction products.
Scheme 1 illustrates this reaction model based on heterogeneous catalysis. Characteristic differences between the optimisation of chemical sensors and catalysts result from the fact that catalysts are usually exposed to given reagents only and are optimised to produce a particular product selectively. In contrast, chemical sensors are usually exposed to a large variety of different molecules (Gentry and Jones 1986). At a constant temperature, the rate of a catalytic reaction depends on the concentration of reactive species adsorbed on the surface of the catalyst. If two gases A and B chemisorb simultaneously on a sensor surface, they can react with each other giving a reaction rate which may be expressed as (Grzybowska-
where k s is the rate constant, and q A and q B are the surface coverages of molecules A and B, respectively. In the literature dealing with heterogeneous catalysis, this type of reaction involves the Langmuir-Hinshelwood mechanism (Szabo 1976). The mechanism involved in the catalytic oxidation of detected gases can also be considered as one in which the adsorption of every component is not necessary for the reaction to proceed. This kind of reaction involves the Rideal-Eley mechanism (Szabo 1976). Thus, when oxidation occurs between the adsorbed gas A, which exhibits a surface coverage of q A , and a gas B, the reaction rate may be expressed as (Szabo 1976): Figure 1 . Variation in the electric resistance of a sensor exposed to an alternating gaseous atmosphere consisting of pure air for 10 min followed by air + 115 ppm CO for 5 min.
V s = k s q A p B
( 3) where p B is the partial pressure of gas B. In this case, only the adsorption of gas A and its surface coverage q A determine the conductivity of the sensor. When CO in air is detected using SnO 2 or Pt/SnO 2 sensors, the electrical conductivity changes when the CO reacts with earlier adsorbed oxygen species: CO + O -= CO 2 + e -(4) Figure 1 depicts an example of the change in resistance of a sensor at a constant temperature of 623 K as a consequence of its exposure to air containing 115 ppm CO. The figure clearly shows that the sensor concerned exhibited very good reproducibility. Figure 2 depicts the change in sensitivity and the temperature at which the sensor reaches its maximum sensitivity as a function of the Pt concentration. The highest sensitivity was exhibited by a 1% Pt/SnO 2 sensor. It will be noted that the temperature of maximum sensitivity changed from 673 K for a 0.5% Pt/SnO 2 sensor to about 623 K for a 3% Pt/SnO 2 sensor.
The catalytic activity of the catalysts and their sensing properties are displayed simultaneously in Figures 3 and 4 . Thus, curves 1 and 2 in Figure 3 demonstrate the changes in temperature at which reaction commenced and when 95% conversion had been effected as the amount of platinum in the catalyst was increased. The oxidation of CO commenced at 500 K and attained 95% conversion at 640 K over pure SnO 2 . The higher the content of platinum in the catalyst, the lower the temperature at which the reaction commenced and 95% conversion was achieved. The temperatures for 95% conversion were markedly lower than those at which the sensors concerned exhibited maximum sensitivity (Figure 3, curve 3) . Figure 4 summarises the results obtained in the present study. At low Pt concentrations (up to 1 wt%), both the sensitivity and catalytic activity followed parallel paths. However, at higher Pt concentrations, the increase in catalytic activity was accompanied by a decrease in the sensitivity of the respective sensors. The parallelism at Pt contents of less than 1 wt% was observed despite the fact that measurements of the catalytic activity were carried out on stoichiometric gas mixtures, whereas the detection sensitivity was measured under conditions where the oxygen concentration was much higher than that of CO.
It is interesting to speculate from these results as to which mechanism (Langmuir-Hinshelwood or Rideal-Eley) would apply in the detection of reducing gases in air. It would appear that, for sensors constructed solely from pure SnO 2 , the Rideal-Eley mechanism predominates; in contrast, for Pt/SnO 2 sensors, the Langmuir-Hinshelwood mechanism applies. According to Weisz's limitations (Weisz 1953) , the chemisorption of oxygen on n-type semiconductors is very small (less than 1% of a monolayer). Carbon monoxide is not chemisorbed on SnO 2 and, according to Tamaki et al. (1989) , mainly adsorbs on pre-adsorbed oxygen species. This process is shown in Scheme 2. It explains why the catalytic activity of SnO 2 is very small and confirms that the detection process realised with SnO 2 sensors is dominated by the Rideal-Eley mechanism. This poses the question as to why the Langmuir-Hinshelwood mechanism can be applied to Pt/SnO 2 sensors. It is well known that the addition of small amounts of noble metals such as Pd, Pt or Ag to SnO 2 can promote sensitivity (Matsushima et al. 1988) . Two possible mechanism (chemical or electronic sensitisation) have been proposed for such promotion (Matsushima et al. 1988 ). Chemical sensitisation is mediated by a spill-over effect, whereas electronic sensitisation is effected by the direct exchange of electrons between the semiconductor and the metal additives.
Spill-over is a well-known phenomenon in heterogeneous catalysis (Sermon and Bond 1973) . It is associated with the dissociation of gas molecules on the metal surface followed by the spill-over of atoms on to the semiconductor support surface. According to the spill-over mechanism, the detection process (and the oxidation of CO) may be described as follows. Oxygen is first adsorbed on to the metal surface where it is activated or dissociated and then allowed to migrate (spill-over) on to the semiconductor surface. Carbon monoxide is chemisorbed by the metal and the activated CO species induce the reaction of the semiconductor surface with adsorbed oxygen, resulting in an increase in the surface conductivity of the n-type semiconductor. This explains why the catalytic activity and the detection sensitivity of Pt/SnO 2 increase so strongly.
It is also necessary to explain why the sensitivity decreased when the Pt concentration was higher than 1 wt%. This was probably due to diffusion limitations. According to the considerations depicted in Scheme 1, if the catalytic activity or the temperature is high, the overall oxidation reaction would proceed so rapidly that the concentration of CO on or at the surface would become diffusion-limited. The rate of reaction would then become higher than the rate of CO adsorption. However, the sensitivity would become low despite the high catalytic activity.
CONCLUSIONS
Only selected aspects of the detection mechanisms have been presented in this paper. The properties of sensors are a function of many different factors such as their method of preparation, activation and the types of construction employed. Adsorption and catalysis play a very important role in their function. Hence, different theories of chemisorption and catalysis may be applied to the description of gas detection.
